We present a non-destructive technique for a combined evaluation of refractive index and active-dopant distribution in the same position along a rare-earth-doped optical fiber preform. The method relies on luminescence measurements, analyzed through an optical tomography technique, to define the active dopant distribution and ray-deflection measurements to calculate the refractive index profile. The concurrent evaluation of both the preform refractive index and the active dopant profiles allows for an accurate establishment of the dopant distribution within the optical core region. This combined information is important for the optimization and development of a range of advanced fibers, used, for example, in a high-power fiber lasers and modern spatial-division-multiplexing optical communication systems. In addition, the non-destructive nature allows the technique to be used to identify the most appropriate preform segment, thus increasing fiber yield and reducing development cycles. We demonstrate the technique on an Yb 3+ -doped aluminosilicate fiber preform and compare it with independent refractive index and active-dopant measurements. This technique will be useful for quality evaluation and optimization of optical fiber preforms and lends itself to advanced instrumentation.
Introduction
Fiber lasers and amplifiers have reached out and truly transformed a number of diverse engineering sectors, such as industrial material processing (e.g., micromachining, welding, engraving, and cutting [1]), civil applications (e.g., telecommunications, medical imaging, and surgery [2] ), environmental monitoring (e.g., temperature detection and radiation dosimetry [3, 4] ), and even devices suitable for space missions (e.g., gyroscopes and amplifiers [5, 6] ). The high performance achieved by these devices, such as high gain, near diffraction-limited beam quality, and unprecedented output stability, relies on the accurate control of physical characteristics of the optical fibers and the rare-earth (RE) dopants used as the active medium [7] .
In order to further enhance the performance of RE-doped fiber-based devices, a number of features, such as advanced pumping schemes and fiber designs with improved optical properties, should be developed. In particular, improvement of the RE-doped fibers and fiber production scaling up are closely linked to the optimization of the manufacturing of the preforms from which the optical fibers are drawn. This is particularly relevant in the case of the conventional and widely used active fiber fabrication method, based on the modified-chemical vapor deposition (MCVD) combined with an RE-doping solution [8, 9] . In fact, the applicability and efficiency of this method can be potentially compromised by the limited solubility of the RE-ions in the vitreous matrices and lack of uniformity of the physical properties along the preform length [10] .
The physical properties to be evaluated in RE-doped optical fibers, which are important to predict the overall optical performance of the fiber-based devices, are the refractive index (RI) and the active dopant (AD) profiles of the optical core. This becomes more important in the case of fiber amplifiers for the emerging spatial-division-multiplexed optical telecommunication systems and high power lasers, where spatial overlap between supported modes and active dopants define the modal gain distribution [11, 12] , as well as the overall efficiency and stability [7] . A number of profiling techniques have been used so far to determine these distributions, both in fibers and in preforms [13, 14] . Each measurement method has its own specific characteristics, such as spatial resolution, sources and detection schemes, sample preparation, sensitivity to different dopants, instrumentation costs, and complexity. Also, important to consider is the degree of invasiveness of the technique with respect to the sample to be tested. This aspect is particularly important for characterization carried out on preforms, as a non-destructive investigation allows identifying and preserving those parts of the preform best-suited for fiber drawing, thus improving the overall fiber yield and quality. In addition, the optimization process of novel optical fibers usually involves a number of fabrication iterations, and as such, it can be greatly facilitated by the availability of high quality characterization data at the preform level.
For the RI profile evaluation, transversal and non-destructive methods exist, based on ray-deflection measurements for preforms [15] [16] [17] or on quantitative phase microscopy [18] for optical fibers. Regarding the AD distribution measurements in preforms, several techniques have been employed, such as secondary ion mass spectroscopy (SIMS) [19] , X-ray microprobe spectroscopy (XMS) [20] , electron probe microanalysis (EPMA) combined with energy dispersive X-ray analysis (EDX) or wavelength dispersive X-ray analysis (WDX) [21] , and micro-fluorescence-induced laser-scanning microscopy (LSM) [22] . However, all these methods are time-consuming and destructive, requiring cutting and polishing of preform slices.
In this work, we have applied emission computerized tomography (e-CT) to visualize the internal microstructure of optical preforms and derive the active dopant distribution. e-CT is a three-dimensional (3-D) image representation technique, which is widely used for plasma diagnostics [23] or combustion analysis [24] , but is still underused in the materials science field. A similar technique has been applied in the study of the spatial distribution of gain in RE-doped optical fiber with good results [25] . However, the obtained information refers to a small length of fiber and does not provide the full picture along the entire preform length.
Our aim is to develop a combined technique, which can non-destructively extract both the RI and AD distributions from the same section of the optical preform. This technique will enable optical fiber manufacturers to select parts of the optical preform that meet their stringent wave guiding and amplification requirements. In Section 2, we illustrate our experimental set-up used for the combined RI and AD profile optical preform characterization. In addition, the physical principles behind the method and the mathematical framework, used for the RI and AD profile evaluation, are summarized. In Sections 3 and 4, we demonstrate the application of the technique on an Yb-doped aluminosilicate optical preform. Finally, in Section 5, conclusions are provided.
Materials and Methods
The combined experimental set-up for the characterization of both the RI and the AD distribution profiles is schematically shown in Figure 1 . It sequentially uses the vertical arm for refractive index profiling (by ray-deflection imaging) and the horizontal arm for the active-ion distribution (by dopant photoluminescence imaging) by analyzing the images taken by the same charge-coupled-device (CCD) camera with 3296 × 2472 active pixel area and 5.5 µm × 5.5 µm pixel size. By retrieving the two distributions using the same imaging optics, it ensures that the exact position of the active dopants within the RI profile is determined. 
Refractive Index Profiling: Principle of Operation
The refractive index profile is determined by using a ray-focusing method [26] . The preform is transversally illuminated by a white-light (WL) source beam collimated by spherical lens L1. As the incoming parallel rays cross the sample, the variations in the refractive-index distribution encountered in their path generates a small deflection. The ray deflection was made visible and quantifiable by the insertion of a knife-edge filter, acting as spatial filter, in the optical path between the sample and the detector just before the focusing lens L4 [16] . The filtered image was detected by the CCD camera. Figure 2a shows a simplified schematic demonstrating the ray-deflection φ(ρ) through the core of an optical preform.
By assuming small core/cladding refractive index differences, the paraxial-ray model can be used to describe the ray trajectories through the core in Cartesian coordinates (x,z) as [26] :
where is the cladding refractive index and ( ) = ( ) − is the core refractive index variation with ( ) ≪ . For a ray entering the core at x = ρ, the total ray deflection φ(ρ) after the ray has traversed the core is obtained by integrating Equation (1), namely:
The integral in Equation (2) can be inverted to provide the core refractive index distribution in terms of the deflection distribution φ(ρ), as [26] :
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where n 0 is the cladding refractive index and ∆n(r) = n(r) − n 0 is the core refractive index variation with ∆n(r) n 0 . For a ray entering the core at x = ρ, the total ray deflection ϕ(ρ) after the ray has traversed the core is obtained by integrating Equation (1), namely:
The integral in Equation (2) can be inverted to provide the core refractive index distribution in terms of the deflection distribution ϕ(ρ), as [26] :
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From Equations (2) and (3), it is evident that ∆n(r) and − The ray deflection can be quantified usinga number of different methods [15] [16] [17] . We opted for the spatial filtering technique [16] , because it is compatible and easily combined with the e-CT technique we used for the AD profile characterization. The spatial filtering technique involves the insertion of a knife-edge just before the focusing lens L4. Referring to Figure 2a and ignoring the additional deflection due to cladding/outer space interface, the ray deflection can be approximated as ( ) ≈ ⁄ . It should be realized that, due to the axial invariance of the cylindrical core, all rays on the input plane x = ρ experience the same deflection Δx′. As shown in Figure 2b , rays deflected by Δx′ towards the angled knife-edge are blocked over a segment d(ρ) = Δx′/tan(α) and result in an additional shadow "spike" equal to d(ρ) (see Figure 2c ). Ray deflection away from the angled filter edge, on the other hand, results in a shadow "indentation" −d(ρ) (see Figure 2c) . Therefore, the ray deflections φ(ρ) are defined by measuring the knife-edge shadow excursions d(ρ) as imaged on the CCD camera. They are given by:
As shown in Figure 1 , the preform is immersed into a container filled with index-matching oil to avoid additional refraction at the outer cladding surface. However, in calculating the core refractive index n(r) through Equation (3), the additional refraction at the container window/air interface should be taken into account. In this case, the core refractive index n(r) is given by Equation (3) with φ(ρ) now substituted by ( ) as given by Snell's law, i.e.,:
where is the index-matching oil refractive index and φ(ρ) is given by Equation (4).
Active Dopant Distribution Profiling: Principle of Operation
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As shown in Figure 1 , the preform is immersed into a container filled with index-matching oil to avoid additional refraction at the outer cladding surface. However, in calculating the core refractive index n(r) through Equation (3), the additional refraction at the container window/air interface should be taken into account. In this case, the core refractive index n(r) is given by Equation (3) with ϕ(ρ) now substituted by ϕ(ρ) as given by Snell's law, i.e.,:
where n oil is the index-matching oil refractive index and ϕ(ρ) is given by Equation (4).
The AD distribution was evaluated by performing photoluminescence (PL) measurements on the preform. Figure 3 shows a schematic highlighting the AD profiling principle of operation. Two pigtailed pump laser sources at 976 nm were collimated on the optical preform sample from opposite sides in order to achieve a uniform excitation of the doped core. The emitted PL was collected at 90 • with respect to the excitation arm by the same cylindrical lens L4 and imaged on the same CCD camera used for the deflection measurements. In this case, the knife-edge filter was removed. The near-infrared (NIR)-emission of Yb 3+ -ions was monitored using a band-pass filter, centered at 1050 ± 10 nm at the CCD entrance (not shown in Figure 3 ). pigtailed pump laser sources at 976 nm were collimated on the optical preform sample from opposite sides in order to achieve a uniform excitation of the doped core. The emitted PL was collected at 90° with respect to the excitation arm by the same cylindrical lens L4 and imaged on the same CCD camera used for the deflection measurements. In this case, the knife-edge filter was removed. The near-infrared (NIR)-emission of Yb 3+ -ions was monitored using a band-pass filter, centered at 1050 ± 10 nm at the CCD entrance (not shown in Figure 3 ). The local PL is proportional to the local upper-state population N2(x,z), which in turn is proportional to the local dopant concentration f(x,z)N0, where f(x,z) is the normalized dopant distribution and N0 is the maximum dopant concentration. A fraction of the spontaneously emitted photons, propagating in a small solid angle in the +z direction, are collected by L4. The local contribution I(x,z) to the total PL is expressed as:
where k is a constant that depends on the dopant emission and absorption cross-sections, and the imaging system collection efficiency. The total PL F(ρ) along the line x = ρ is then approximated using:
where = − . The accumulated PL F(ρ) is imaged as F(ρ'') on the CCD plane and used to derive the axially symmetric dopant distribution function f(r). By changing the integration coordinate according to = − ⁄ , F(ρ) can be expressed as:
The constant k only scales the magnitude of the detected PL and does not affect its distribution. It is therefore set to one for simplicity. From Equation (8), it is evident that F(ρ) and f(r) are related by the Abel transform. The normalized dopant distribution f(r) is then given by:
The Yb 3+ -ion distribution f(r) was mathematically evaluated using a MATLAB (Release 2016a, The MathWorks, Inc., Natick, MA, USA) code using a Fourier transform followed by a Hankel The local PL is proportional to the local upper-state population N 2 (x,z), which in turn is proportional to the local dopant concentration f (x,z)N 0 , where f (x,z) is the normalized dopant distribution and N 0 is the maximum dopant concentration. A fraction of the spontaneously emitted photons, propagating in a small solid angle in the +z direction, are collected by L4. The local contribution I(x,z) to the total PL is expressed as:
where z 0 = r 2 0 − ρ 2 . The accumulated PL F(ρ) is imaged as F(ρ ) on the CCD plane and used to derive the axially symmetric dopant distribution function f (r). By changing the integration coordinate according to dz = rdr/ r 2 − ρ 2 , F(ρ) can be expressed as:
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The constant k only scales the magnitude of the detected PL and does not affect its distribution. It is therefore set to one for simplicity. From Equation (8) , it is evident that F(ρ) and f (r) are related by the Abel transform. The normalized dopant distribution f (r) is then given by:
The Yb 3+ -ion distribution f (r) was mathematically evaluated using a MATLAB (Release 2016a, The MathWorks, Inc., Natick, MA, USA) code using a Fourier transform followed by a Hankel transform of the projected PL F(ρ ) [27] , as recorded by the CCD camera and corrected for the imaging system magnification. In particular, the magnification factor (MF) for the NIR imaging was 1.37, while MF was 1.32 for the RI index measurements (visible range).
Results
To demonstrate the new technique, we used an optical fiber preform manufactured by a modified chemical vapor deposition (MCVD) process with an optical core made of aluminosilicate glass and doped with Yb 3+ by the solution doping technique with a nominal Yb 3+ concentration in the low 10 26 m −3 range and a pure silica glass cladding of about 1 cm. The approximate nominal core diameter was about 1 mm. This sample was a standard preform for high power laser applications and it was used as a representative sample for demonstrating the application of the optical inspection technique discussed in this work.
The validity of the method was confirmed for both the RI and AD profiles by comparison with independent measurements. The RI profile was compared with that obtained using a commercial analyzer (PK 2600, Photon Kinetics, Beaverton, OR, USA) typically used in industrial refractive index profilers of optical preforms and based on deflection measurements [13] . The AD distribution was validated by a comparison with SIMS analysis carried out over the core of a polished slice of the preform. The characterization was performed in the same section of the optical preform, without moving any part of the experimental set-up, except a small translation of the CCD camera in order to adjust the chromatic dependence of the lens focal length. Figure 4 shows the results from the successive steps applied to derive the preform RI profile. Figure 4a reports the CCD image obtained with the preform illuminated by the WL source and half-obscured by the knife-edge filter. In the black-and-white edge, the edge modification due to the deflection of the rays traversing the sample is visible. The corresponding deflection angle function ϕ is shown in Figure 4b . The integration of that function gives the RI profiles of the core. Figure 4c shows the difference between the core/cladding refractive indices difference ∆n(r), calculated using Equation (3). The core edges, which were defined by the first zero-deflection crossing points in the deflection curve (starting from the center), were also delineated using dashed vertical lines at −0.60 mm and +0.60 mm. The uncertainty in defining the core edges was about ±0.02 mm, which was mainly defined by the pixel size of the core CCD camera and the magnification factor of the imaging system. The deflection-angle excursions and the associated RI dipped outside these edges were due to the presence of residual chlorine used for the preparation of the pure silica cladding tube, before deposition, and they were not included in the core radius definition. The value and the associated error in the core edge location were given by averaging the left and right edge position of the optical core.
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To proceed with the AD profile determination, we first measured theYb 3+ PL spectrum under 976 nm excitation with an optical spectrum analyzer (OSA). Figure 6 shows the observed NIR Yb 3+ emission spectrum related to the transitions between the excited and the ground states 2 F5/2→ 2 F7/2. In the inset, the Yb 3+ energy sublevels are included. The characteristic emission spectrum shape indicated a high degree of inversion and a lack of significant re-absorption effects, which are important for the accuracy of the AD profiling method. 
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To proceed with the AD profile determination, we first measured theYb 3+ PL spectrum under 976 nm excitation with an optical spectrum analyzer (OSA). Figure 6 shows the observed NIR Yb 3+ emission spectrum related to the transitions between the excited and the ground states 2 F5/2→ 2 F7/2. In the inset, the Yb 3+ energy sublevels are included. The characteristic emission spectrum shape indicated a high degree of inversion and a lack of significant re-absorption effects, which are important for the accuracy of the AD profiling method. Figure 7 shows the successive steps used for the AD profile determination. Figure 7a shows the CCD camera image of the filtered PL signal (1050 ± 10 nm) emitted from the pumped preform core. Figure 7b reports the normalized PL profile F(ρ'') along the central dashed line of the CCD image. The marked core-edge locations correspond to the ones defined during the RI profile Figure 6 . OSA measurement of theYb 3+ -emission in the NIR region. The scheme of the sublevel Yb 3+ transitions between the ground and the excited state is also shown. Figure 7 shows the successive steps used for the AD profile determination. Figure 7a shows the CCD camera image of the filtered PL signal (1050 ± 10 nm) emitted from the pumped preform core. Figure 7b reports the normalized PL profile F(ρ ) along the central dashed line of the CCD image. The marked core-edge locations correspond to the ones defined during the RI profile characterization (see Figure 4) . The reconstruction of the AD profile f (r) across the preform core was carried out by the application of the inverse Abel transform (Equation (9)) using the experimentally obtained PL profile F(ρ ), shown in Figure 7b . The spatial resolution of the current measurements, imposed by the high spatial frequency filtering during the inverse Abel transform calculation, was 30 µm. The Yb 3+ profile follows a substantially uniform distribution across the entire preform core. The small ripples, observed also in the RI profile (see Figure 4c) , were due to the multilayer preform deposition followed in the MCVD process. The uniform distribution of the Yb 3+ -ions was mostly due to the Al co-doping of the silica glass matrix, which is known to increase the RE-ion solubility in comparison with pure silica host matrix. characterization (see Figure 4 ). The reconstruction of the AD profile f(r) across the preform core was carried out by the application of the inverse Abel transform (Equation (9)) using the experimentally obtained PL profile F(ρ''), shown in Figure 7b . The spatial resolution of the current measurements, imposed by the high spatial frequency filtering during the inverse Abel transform calculation, was 30 μm. The Yb 3+ profile follows a substantially uniform distribution across the entire preform core. The small ripples, observed also in the RI profile (see Figure 4c) , were due to the multilayer preform deposition followed in the MCVD process. The uniform distribution of the Yb 3+ -ions was mostly due to the Al co-doping of the silica glass matrix, which is known to increase the RE-ion solubility in comparison with pure silica host matrix. The validity of the current non-destructive AD profile reconstruction was evaluated via a comparison with a microstructural SIMS analysis carried out on the same optical preform after cutting a slice of the sample. The AD profile obtained using the current technique and the SIMS profile are compared in Figure 8 , showing a very good agreement between the two techniques. The validity of the current non-destructive AD profile reconstruction was evaluated via a comparison with a microstructural SIMS analysis carried out on the same optical preform after cutting a slice of the sample. The AD profile obtained using the current technique and the SIMS profile are compared in Figure 8 , showing a very good agreement between the two techniques.
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The combined determination of the RI and AD profiles within optical preforms allows unambiguous definition of the core edge positions and places the AD distribution accurately within the optical core of the preform. This combined knowledge is particularly important for the optimization of optical fibers for advanced applications requiring novel active fiber designs [28] [29] [30] . The exact distributions of RI and dopants are critical for achieving modal gain equalization in spatial-division-multiplexing telecom systems [31, 32] and novel fibers for mitigating transverse modal instabilities in high power fiber amplifiers [33, 34] .
The comparison of the RI and AD profiles obtained by the current technique with independent measurements has given a very good agreement, despite the approximations introduced in the models. First, the assumption of no internal NIR absorption in the resulting PL projections onto the CCD camera had a negligible effect on the AD profile reconstruction since the monitored NIR PL was centered around 1050 nm. Second, the assumption of near straight line-of-sight for the launched or emitted photons as they traverse the preform had a minimal impact in the case of samples with small RI variations, as in the case in this paper. For cores with large RI variations, a correction accounting for sizable deflections affecting the PL projection path can be considered [35] .
Finally, the pumping arms could combine different pumping wavelengths, e.g., 1480 nm, 976 nm, and 793 nm, in order to simultaneously excite other dopants, such as Tm 3+ and Er 3+ , and detect their emission via the insertion of appropriate band-pass filters in the detection arm. Also, the Yb 3+ -cooperative up-conversion, which is a signature of the clusters distribution, can be detected using a pump signal at 976 nm and filtering the emitted light in the visible region (~500 nm) of the spectrum [36] .
Conclusions
In summary, we have developed a non-destructive technique to evaluate the RI and AD profiles inside the core of optical fiber preforms. We have demonstrated the technique by characterizing a typical Yb 3+ -doped optical preform fabricated using the MCVD and solution doping methods. Both profiles were validated via a comparison with independent measurements carried out using a commercial RI profiler (PK 2600) and a SIMS analysis for the active-dopant distribution. This technique is very useful for optical fiber manufacturers in order to select in advance the parts of the optical fiber preform that meets both the RI and AD distribution requirements. Such information can result in an increase of the drawn active fiber yield and cost reduction.
In addition, the technique can be used to obtain useful information of the distribution of active-ions with respect to the refractive-index profile, which can help in the development of new complex fiber designs, with advanced features such as dopants optimally confined in the core or doped rings surrounding the core. Finally, it is worth noting that this technique can be extended to characterize preforms with different dopants, such as erbium or thulium, by a simple change of excitation laser-line sources and emission filter in the experimental set-up.
